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ABSTRACT

Rice production accounts for approximately half of the freshwater resources utilized in agriculture, result-

ing in greenhouse gas emissions such as methane (CH4) from flooded paddy fields. To address this chal-

lenge, environmentally friendly and cost-effective water-saving techniques have becomewidely adopted in

rice cultivation. However, the implementation of water-saving treatments (WSTs) in paddy-field rice has

been associated with a substantial yield loss of up to 50% as well as a reduction in nitrogen use efficiency

(NUE). In this study, we discovered that the target of rapamycin (TOR) signaling pathway is compromised in

rice underWST. Polysome profiling-coupled transcriptome sequencing (polysome-seq) analysis unveiled a

substantial reduction in global translation in response to WST associated with the downregulation of TOR

activity. Molecular, biochemical, and genetic analyses revealed new insights into the impact of the positive

TOR-S6K-RPS6 and negative TOR-MAF1 modules on translation repression under WST. Intriguingly,

ammonium exhibited a greater ability to alleviate growth constraints under WST by enhancing TOR

signaling, which simultaneously promoted uptake and utilization of ammonium and nitrogen allocation.

We further demonstrated that TOR modulates the ammonium transporter AMT1;1 as well as the amino

acid permease APP1 and dipeptide transporter NPF7.3 at the translational level through the 50 untranslated
region. Collectively, these findings reveal that enhancing TOR signaling could mitigate rice yield penalty

due to WST by regulating the processes involved in protein synthesis and NUE. Our study will contribute

to the breeding of new rice varieties with increased water and fertilizer utilization efficiency.
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INTRODUCTION

With increasing greenhouse gas emissions aggravating global

warming, the planet is experiencing rising temperatures and wa-

ter scarcity. Traditional rice production exacerbates this problem

by releasing significant amounts of methane (CH4), a major
240 Molecular Plant 17, 240–257, February 5 2024 ª 2023 The Author
greenhouse gas, causing global warming and water shortages

in many regions. The flooding of paddy fields, which accounts
.
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for almost 50%of total agricultural water use, produces an anaer-

obic environment that promotes the decomposition of organic

matter and generates CH4. Additionally, the use of this irrigation

mode for rice cultivation leads to fertilizer loss, soil salinization,

and water pollution (Li et al., 2006; Zhang et al., 2022b). To

tackle these challenges, rice growers have begun transitioning

rice cultivation away from flooded conditions, and this has

emerged as a highly promising approach to reduce greenhouse

gas emissions. Efforts have been made to develop water-

saving rice varieties through improved water management and

germplasm innovation (Heredia et al., 2022; Xia et al., 2022).

However, the widespread adoption of water-saving rice is hin-

dered by its lower yield potential and lower nitrogen use efficiency

(NUE). The molecular mechanisms underlying the yield penalties

and reduced nitrogen utilization under water-saving conditions

are still unknown. Water deficiency in rice paddy fields typically

occurs gradually over days to weeks, resulting in decreased

crop production and biomass. Insufficient water triggers

increased levels of endogenous abscisic acid (ABA) and subse-

quent stomatal closure. This limits the diffusion rate of CO2

through mesophyll cells, reducing internal CO2 availability and

hindering photosynthesis (Flexas et al., 2006; Du et al., 2010;

Gururani et al., 2015). An adequate water supply is also crucial

for plant transpiration, which facilitates nutrient transport from

roots to shoots (Cramer et al., 2008; Ouyang et al., 2017).

Insufficient water leads to deficient energy production in rice,

highlighting a potential tradeoff between water conservation

and productivity. Consequently, it has become imperative to

comprehend how plants adapt to the declining energy

availability in the presence of insufficient water.

The role of target of rapamycin (TOR) as a developmental regulator

is widely recognized in both plants and animals. It plays a pivotal

role in promoting the upregulation of genes associated with

anabolic processes, including mRNA translation and protein, lipid,

and cell-wall synthesis, while simultaneously downregulating

genes involved in autophagy, stress response, and biomolecule

degradation when there is an adequate energy supply (Xiong

et al., 2013; Liu and Sabatini, 2020; Li et al., 2021; Mallen-Ponce

et al., 2022; Meng et al., 2022). In Arabidopsis, the kinase

activities of TOR and ribosomal protein S6 (RPS6/eS6) kinase

(S6K), the substrate of TOR, are inhibited by cold and osmotic

stress (Mahfouz et al., 2006; Wang et al., 2017; Scarpin et al.,

2022). In terms of plant responses to drought and osmotic

stresses, TOR has been found to be involved in ABA signaling.

For instance, when ABA-activated SnRK2s directly interact with

and phosphorylate REGULATORY-ASSOCIATED PROTEIN OF

TOR (RAPTOR) under conditions of ABA accumulation, TOR activ-

ity is inhibited (Wang et al., 2018). This inhibition of TOR activity is a

mechanism employed by plants to prioritize survival over growth.

Studies have shown that plants generally prioritize protective

stress responses over growth when facing abiotic stresses (Du

et al., 2015, 2018; Han et al., 2022). For instance, dehydration

treatments reduce the polysomal RNA content and suppress

global translation in plants (Kawaguchi et al., 2003, 2004). A

recent proteomics study also revealed that water deficiency

causes over 40% of leaf total proteins to degrade, which

results in a shift toward the free amino acid pool (Heinemann

et al., 2021). According to these findings, translational

regulation plays a critical role in the response to drought
Mole
conditions. Proteins and amino acids, which are derived from

nitrogen, are intricately connected to amino acid homeostasis

and nitrogen uptake, allocation, and utilization (Liu et al.,

2022b). These processes enable the rapid provision of vital

resources for de novo protein synthesis in response to drought.

Overall, the regulation of translation and amino acid

homeostasis represents critical steps in plant responses to

water deficiency, allowing plants to allocate resources

toward stress adaptation and survival.

It is well established that drought affects transcriptional regulation.

However, thebiological basis of the effect ofwater scarcity on nitro-

gen assimilation and translational regulation has not been exten-

sively investigated. Ithasbeenobserved thatwaterdeficiency leads

to reduced activity of nitrogen-metabolizing enzymes and a

decrease in the synthesis of nitrogenous compounds. Interestingly,

exogenous nitrogen supplementation has been shown to enhance

drought resistance in ricebypromoting thedevelopmentalplasticity

of rice root systems (Tran et al., 2014) as well as improving the

photosynthetic machinery and antioxidant capacity (Zhong et al.,

2017). Ammonium has been shown to improve rice adaptation to

water-scarcity conditions. For example, ammonium is more

effective than nitrate in mitigating the negative effects of drought

and polyethylene glycol (PEG) treatment on rice growth (Yang

et al., 2012; Ding et al., 2015; Cao et al., 2018). Recent studies

have highlighted the role of drought and salt tolerance (DST) as a

negative osmotic regulator that governs NUE and facilitates the

reprogramming of nitrogen utilization in response to drought

stress. This regulation occurs through direct control of the rice

nitrate reductase gene NR1.2 by DST (Han et al., 2022). This

emphasizes the importance of nitrogen metabolism

reprogramming in plant adaptation to drought stress. Although

substantial efforts have been made to comprehend transcriptional

and post-translational regulation within intricate drought-signaling

networks, our understanding of translational modulation in rice

under water-saving conditions remains limited. In this study, we

made the significant discovery that water-saving treatment (WST)

suppresses TOR activity, leading to translational repression of

ammonium uptake and nitrogen allocation in rice. Conversely,

elevation of TOR signaling dramatically improved biomass and

NUE in rice. According to these findings, TOR plays a crucial role

in modulating energy homeostasis and productivity in the face of

limited water availability.
RESULTS

WST inhibits TOR activity and decreases rice
productivity

In our previous research, we discovered that maintaining soil wa-

ter content (SWC) within the range of 20%–25% triggered a

drought escape response in rice, resulting in reduced yield and

biomass as a survival strategy (Du et al., 2018). However, the

significant yield losses have hindered the widespread adoption

of maintaining SWC within 20%–25% in rice production. To

achieve a balance between water consumption and yield,

researchers have developed water-saving strategies for

growing water-saving and drought-resistant rice (WDR), with

the aim of significantly reducing water usage and greenhouse

gas emissions (Xia et al., 2022). However, this strategy still

leads to a significant decrease in yield in elite rice varieties, and
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Figure 1. TOR signaling regulates protein translation under WST in rice.
(A) Schematic design of the water-saving treatment (WST) for paddy-field rice cultivation during the entire duration of growth. The blue line indicates soil

water content for the WST (described in methods), and the gray dotted line indicates soil water content under the normal condition (NC). DAG, days after

germination.

(B) Performance of paddy-field rice under NC and WST; photograph was taken at 70 DAG. Scale bar, 10 cm.

(C) Photosynthesis rate of seedlings at 35 DAG. Error bars indicate means ± SD (n = 8). Statistical significance was assessed using two-tailed t-tests.

**p < 0.01.

(D and E) Above-ground dry biomass and yield per plant under NC and WST conditions. Error bars indicate means ± SD (n = 8). Statistical significance

was assessed using two-tailed t-tests. **p < 0.01.

(F) Statistical data of the water supply per plant throughout the entire growth period. Error bars indicate means ± SD (n = 8). Statistical significance was

assessed using two-tailed t-tests. **p < 0.01.

(G)Measurement of protein content of rice seedlings at 35 DAG. Error bars represent means ±SD (n = 6). Statistical significance was assessed using two-

tailed t-tests. **p < 0.01.

(H and I) Plant height (H) and tiller number (I) of WT rice under NC or WST. Error bars indicate means ± SD (n = 8). Statistical significance was assessed

using two-tailed t-tests. **p < 0.01.

(J) WST repression of TOR activity in vivo revealed by immunoblot analyses. Protein from rice S6K1-OE seedlings detected by anti-FLAG antibody

(Sigma, F1804) after treatment. The upper band indicates phosphorylated S6K1. TOR inhibitors (Torin2 and AZD8055) at a concentration of 10 mMwere

spread on the leaves of 28-day rice for 7 days, and leaves were sampled at 35 DAG. TOR activation was also confirmed using an anti-phospho antibody of

S6K1 (Agrisera, AS132664).

(K and L) TOR activity is relevant to TOR expression levels inWT, TOR-i (RNA interference) (K), and TOR-OE rice (L). Quantification of pS6K intensity from

western blot analysis with three repeats.

(M)Relative above-ground biomass of rice after 7-dayWST treatment. Error bars indicate means ± SD (n = 3). Statistical significance was assessed using

two-tailed t-tests. **p < 0.01.

(N)Bar graph shows the ribosome-loading efficiency presented as the ratio of P (polysomal) RNA to the sum of total P and NP (non-polysomal) RNAs after

7-day WST treatment. RNA in polysomes % = (amount of P RNA/amount of both P and NP RNA) 3 100%. Error bars indicate means ± SD (n = 3).

Statistical significance was assessed using two-tailed t-tests. **p < 0.01.

(legend continued on next page)
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the biological mechanism underlying this decrease remains

unclear.

To investigate the molecular mechanisms underlying the signifi-

cant yield reduction under water-saving conditions in rice, we im-

plemented WST, which is commonly used for WDR, for growing

the japonica rice variety Kitaake (Figure 1A) and observed a

substantial decrease in photosynthesis rate, tiller number, plant

height, biomass, and yield associated with the decrease in

water supply during WST (Figure 1B–1I). According to a

previous proteomics study on drought-treated Arabidopsis, wa-

ter deficiency leads to a reduced accumulation of leaf proteins

required for drought adaptation (Heinemann et al., 2021). This

prompted us to investigate protein content, which forms the

foundation for plant structure and biological enzyme activity, in

whole plants. Our findings revealed a significant decrease in

the accumulation of total protein under WST (Figure 1G),

suggesting a potential reduction in protein translation

following WST.

The evolutionarily conserved TOR signaling pathway is known to

play a crucial role in regulating protein synthesis. To investigate

the effects of WST on endogenous TOR kinase activity, we uti-

lized a well-established method to immunologically detect the

phosphorylation of S6K1, a canonical TOR substrate, in plants

using a phospho-specific antibody (Xiong and Sheen, 2012; Ye

et al., 2022). In rice, some studies have provided indirect

evidence of S6K1 phosphorylation by TOR (Sun et al., 2016;

Bakshi et al., 2023). A conserved phosphorylation site (S465)

was identified in the FxxFT/SYVxP motif of rice S6K1 (Xiong

and Sheen, 2012) (Supplemental Figure 1). We transiently

expressed S6K1-FLAG in rice protoplasts and selected optimal

transgenic rice plants stably expressing S6K1-FLAG for more

extensive analyses (Xiong and Sheen, 2012) (Supplemental

Figure 2). We conducted in vivo pS6K phosphorylation analysis,

co-immunoprecipitation, and in vitro kinase assays, and

confirmed TOR regulation of pS6K1, the physical interaction

between TOR and S6K1, and the direct phosphorylation of

S6K1 by TOR (Figure 1J and Supplemental Figure 2B–2D). Our

results support the high conservation of TOR-S6K signaling in

plants and animals.

To further understand the molecular mechanism of rice TOR-S6K

signaling underWST, we conducted experiments using rice S6K1

overexpression (S6K1-OE) lines and treated them with WST or

TOR inhibitors (Figure 1J and Supplemental Figure 2A). The

results demonstrated significant repression of TOR activity by

WST, suggesting that TOR may be related to the adaptive

changes of rice under WST. Subsequently, we created TOR

RNA interference (hereafter referred to as TOR-i) and TOR

overexpression (TOR-OE) transgenic lines in the Kitaake

background and confirmed the presence of the transgenes
(O) Hierarchical clustering analysis of TOR signaling under WST-repressed tr

polysomal (NP; fractions 1–7) mRNA. Analysis of the translatome experiment

NP fractions. Each sample was from 15 seedlings collected at 35 DAG afte

associated with polysomes after WST, NPWST indicates mRNA associated w

conditions. Raw data are provided in Supplemental Table 2.

(P) MapMan functional categories for TOR signaling genes under WST in Figu

(Q–S) Physiological measurements of relative nitrogen content (Q), protein co

means ± SD (n = 3). Statistical significance was assessed using two-tailed t-t

Mole
using quantitative reverse-transcription PCR (qRT–PCR) and

immunoblot analyses (Supplemental Figure 3A–3C).

Phenotyping analysis of TOR genetic materials revealed that

higher TOR activity promoted growth height and tillering, and

resulted in higher yield and biomass (Supplemental Figure 3D–

3G). Based on immunoblot analysis, TOR activity was relatively

low in TOR-i lines, and WST further suppressed TOR activity in

these plants (Figure 1K). Conversely, TOR exhibited higher

kinase activity compared to the wild type (WT) under both

normal conditions and WST in TOR-OE plants (Figure 1L). We

then investigated whether TOR activity was critical for growth

under WST. To eliminate any developmental effects of

transgenic rice, we present our data as relative biomass (for

raw data, see Supplemental Table 3). It was evident that TOR-i

and Torin2-treated seedlings accumulated less relative biomass

(Figure 1M), whereas TOR-OE seedlings had larger relative

biomass even under WST (Figure 1M). Based on these findings,

TOR enhances plant growth and alleviates the growth

retardation caused by WST.
WST suppresses TOR-regulated protein translation

It is well known that TOR plays a crucial role in translational regula-

tion.Previous ribosomeprofilingstudieshaveshown thatTORcon-

trols the translation of various transcripts (Lee et al., 2017; Chen

et al., 2018; Scarpin et al., 2020). Using a similar ribosome

profiling approach, we observed a significant shift in RNA

distribution from polysomal (P) to non-polysomal (NP) fractions af-

ter WST in WT seedlings (Figure 1N and Supplemental Figure 4A).

TOR-i and Torin2-treated seedlings showed reduced levels of P

RNA,while TOR-OE seedlings displayed a higher ratio of PRNAaf-

ter WST (Figure 1N and Supplemental Figure 4A). This suggested

that the repression of mRNA translation under WST is linked to

TOR activity. To gain a better understanding of the translational

networks involved in the TOR signaling pathway under WST, we

performed polysome profiling and subsequent RNA sequencing

(RNA-seq) analyses. After rigorous statistical analysis and

filtering, we identified mRNAs encoded by 274 genes that were

co-repressed by WST and low TOR activity conditions, and this

repression was significantly alleviated in TOR-OE seedlings

(Figure 1O and Supplemental Table 2). The wide range of mRNA

translation changes indicated that TOR may modulate various

essential cellular and metabolic functions repressed by WST

(Figure 1O and Supplemental Table 2). The most significantly

enriched functional classes of mRNAs/genes included those

involved in translation, nitrogen utilization, tRNA synthesis, amino

acid metabolism, photosynthesis, carbohydrate metabolism,

secondary metabolism, transporters, glycolysis, the tricarboxylic

acid cycle, protein degradation, stress responses, signaling, and

transcription (Figure 1P and Supplemental Table 2). Importantly,

87 WST-repressed mRNAs involved in conserved translation and

nitrogen utilization were correlated with TOR activity (Figure 1O
anscriptome enrichment in polysomal (P; fractions 9–14) mRNA and non-

s by comparing the mRNA associated with polysomes to the mRNA from

r 7-day WST or 7-day 10 mM Torin2 treatments. PWST indicates mRNA

ith non-polysomes after NC. WST, water-saving treatment; NC, normal

re 1O; for raw data, see Supplemental Table 2.

ntent (R), and amino acid content (S) in rice at 35 DAG. Error bars indicate

ests. **p < 0.01.
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Figure 2. The rice TOR-S6K1-RPS6a module is involved in WST-mediated repression of polysomal mRNA accumulation.
(A) S6K1 directly phosphorylates RPS6a/es6, as shown using an in vitro kinase assay. The activity of S6K1 is abolished in S6K1S465A.

(B) Activation of RPS6a is dependent on TOR activity in vivo, as shown using phospho-RPS6 and phospho-S6K antibodies. Torin2 (10 mM)was spread on

the leaves of 28-day rice for 7 days, and leaves were sampled at 35 DAG.

(C) Phosphorylation of RPS6a is dependent on TOR activity in TOR-OE and TOR-i rice at 35 DAG in vivo. RPS6a phosphorylation and TOR activity were

detected using hosphor-RPS6 and hosphor-S6K antibodies, respectively.

(D–F) Impaired growth performance (D) revealed bymeasurements of relative shoot length (E) and relative biomass (F) of rice rps6amutants under 7-day

WST at 35 DAG. Error bars indicate means ± SD (n = 3). Statistical significance was assessed using two-tailed t-tests. **p < 0.01. Scale bar, 5 cm.

(G and H) Reduced relative nitrogen (G) and relative protein (H) contents in rice rps6a mutants after 7-day WST. Error bars indicate means ± SD (n = 3).

Statistical significance was assessed using two-tailed t-tests. **p < 0.01.

(I) Bar graph shows the ratio of ribosome-loading efficiency for WT and the rps6amutant. RNA in polysomes % = (amount of P RNA/amount of P and NP

RNA) 3 100%. Error bars indicate means ± SD (n = 3). Statistical significance was assessed using two-tailed t-tests. **p < 0.01.

(J)Polysomal distribution of specificmRNA transcripts inWT and rps6amutants grown under NC and 7-dayWST conditions. The relative expression level

of genes in polysomes was calculated as the percentage of the amount of gene expression to the amount of total RNA (P + NP). ACTIN was used to

normalize the data. Error bars indicate means ± SD (n = 3). Statistical significance was assessed using two-tailed t-tests. *p < 0.05, **p < 0.01.
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and 1P; Supplemental Table 2), highlighting the importance of the

dynamic TOR activity-mediated translatome in the context of

WST-growth tradeoffs. The data presented above suggested that

WST inhibits the accumulation of specific proteins associated

with TOR activity.
244 Molecular Plant 17, 240–257, February 5 2024 ª 2023 The Author
To ensure accurate calibration of mRNAs isolated from total

polysomes and non-polysomes, we used the control ACTIN

mRNA together with the RBCS5 (Rubisco small subunit)

mRNA and RT–PCR to demonstrate the specific dynamic

changes associated with TOR and WST (Supplemental
.
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Figure 4B). To further validate the enriched functional categories,

we conducted qRT–PCR assays to quantify the abundance of

selected marker mRNAs in non-polysomes and polysomes. Six

mRNAs of well-characterized genes, namely AAT1 (alanine

aminotransferase 1), EIF4a (eukaryotic initiation factor 4a), EF2

(elongation factor 2), RPS6a/eS6 (ribosomal protein S6a), the

tRNA synthesis gene MRS (methionyl-tRNA synthetase), and

the photosynthesis gene RBCS5, were selected for qRT–PCR

analysis using samples from P fractions and purified mRNAs.

We observed that the relative mRNA abundance of these genes

in polysomes was reduced in WT rice treated with Torin2 and in

TOR-i rice plants. Conversely, these genes in TOR-OE seedlings

showed an increase in relative mRNA abundance in polysomes

under WST (Supplemental Figure 4C). These findings

suggested that the decrease in translation is associated with

reduced TOR activity caused by WST or Torin2 treatment.

Thus, we confirmed that the translational repression induced by

WST is correlated with TOR activity and that overexpressing

TOR can alleviate this repression.

The TOR signaling pathway has been shown to regulate both

global translation levels and the translation of individual tran-

scripts in plants (Merchante et al., 2017; Chen et al., 2018;

Schepetilnikov and Ryabova, 2018; Scarpin et al., 2020, 2022).

This led us to investigate whether the TOR signaling pathway

regulates the accumulation of nitrogen, protein, and amino

acids in rice under WST. Our physiological measurements

showed that the relative total nitrogen, protein, and amino acid

contents in WT rice decreased to approximately 63%, 64%,

and 61%, respectively, after WST (Figure 1Q–1S). Interestingly,

rice treated with Torin2 and TOR-i seedlings exhibited

significantly lower levels of relative nitrogen, protein, and amino

acids under WST (Figure 1Q–1S). In contrast, TOR-OE rice with

relatively higher TOR activity after WST treatment accumulated

relatively more nitrogen, protein, and amino acids (Figure 1Q–

1S). In addition, specific mRNAs related to nitrogen uptake,

allocation, utilization, and translation accumulated in the P

fractions of TOR-OE rice after WST (Figure 1O and 1P). These

clues suggested that TOR may alleviate growth repression

caused by WST by enhancing the translation of proteins

involved in nitrogen uptake and allocation.
WST inhibits translation regulated by TOR-S6K-RPS6
signaling

Recent studies have provided evidence suggesting that RPS6/

eS6 plays a crucial role in regulating translation and that it is phos-

phorylated by TOR-S6K signaling under diverse conditions (Chen

et al., 2018; Bakshi et al., 2023; Nguyen et al., 2023). To gain a

better understanding of how S6K-RPS6 signaling pathways

affect translation under WST in rice, we selected the RPS6 pa-

ralog in the rice genome, RPS6a, which share a conserved pro-

tein sequences with other eukaryotes as the research object

(Supplemental Figure 5). Through an in vitro kinase assay using

RPS6a protein purified from Escherichia coli, we confirmed that

RPS6a is a direct substrate of S6K1 (Figure 2A). Next, we

examined whether RPS6 is differentially phosphorylated in rice

seedlings in response to changes in TOR activity. Total proteins

were isolated from 35-day-old seedlings treated with WST or

Torin2 for 6 h and subjected to immunoblot analyses. The results

showed that the phosphorylation of rice RPS6a was reduced by
Mole
WST or Torin2 treatment (Figure 2B). By enhancing RPS6a

activity by overexpressing TOR and inhibiting its activity in

TOR-i rice, we further confirmed that RPS6a activity is

positively regulated by TOR-S6K signaling (Figure 2C). This

suggests that WST led to the inhibition of RPS6 and highlights

the dependence of RPS6 activity on TOR.

To investigate the function of rice RPS6 in TOR signaling under

WST, we created rps6a mutants using the CRISPR-Cas9 tool

(Supplemental Figure 6A and 6B). Under normal conditions, the

rps6a mutants showed a similar phenotype to the WT at the

seedling stage (Figure 2D). However, under WST, the rps6a

mutants displayed relatively shorter shoot lengths and less

biomass (Figure 2D–2F), indicating that RPS6 is an essential

growth regulator during WST. However, it should be noted that

reduced RPS6 accumulation in the Arabidopsis knockout

mutants rps6a or rps6b resulted in a slower growth phenotype

at the seedling and adult stages (Creff et al., 2010; Ren et al.,

2012). This observation suggests divergence in the role of

RPS6 between monocots and dicots. In yeast, deletion of the

RPS6B gene significantly extends replicative lifespan by

modulating translation, which alters the aging process

(Chiocchetti et al., 2007). Importantly, the function of rice RPS6,

particularly under water deficiency, is still largely unknown.

We found that during the reproductive stage, rice plants with

defects in RPS6a exhibit dramatically reduced plant height but

not tiller number (Supplemental Figure 6C–6E). This suggested

that although rice RPS6a and RPS6b have nearly identical

protein sequences, RPS6a plays an indispensable role in

growth, especially under WST. In terms of translational

regulation, previous studies have shown that the rate of protein

synthesis of the reporter gene GUS is higher in plants

overexpressing TOR or RPS6a/b but lower in tor and rps6

mutants (Ren et al., 2012). Building upon the findings related to

rice rps6a mutants described in Figure 2D–2F, and the

biological function of RPS6 in protein translation, we examined

whether the morphological changes induced by WST were

associated with nitrogen accumulation and protein synthesis. A

significant decrease in the relative levels of nitrogen and protein

was observed under WST in rps6a mutants (Figure 2G and 2H).

To further explore the impact of RPS6a on translation under

WST, we isolated P RNA from rps6a mutant leaves and

performed RT–PCR assays. We observed a significant

decrease in the relative ratio of P RNA in the rps6a mutants

under WST compared with WT (Figure 2I and Supplemental

Figure 6F). Additionally, we examined the relative ratio of

specific mRNAs from polysomes in the rps6a mutants, which

indicated that WST reduced the content of translation-related

mRNAs in P RNA of rice rps6a mutants, such as AAT1, EIF4a,

EF2, RPS6a/eS6, MRS, and RBCS5 as well as nitrogen trans-

porters, AAP1 (amino acid permease 1), NPF7.3/OsPTR6 (dipep-

tide transporter), and AMT1;1 (ammonium transporter 1;1)

(Figure 2J and Supplemental Figure 6G). Overall, these findings

support the involvement of the TOR-S6K-RPS6 module in

regulating protein translation, particularly under WST.
TOR repression of MAF1 promotes tRNA synthesis

MAF1 is a conserved repressor of RNA polymerase III (RNA Pol

III), and affects protein translation by controlling the biosynthesis
cular Plant 17, 240–257, February 5 2024 ª 2023 The Author. 245



Figure 3. TOR repression of MAF1 modulates tRNA biosynthesis in vivo.
(A) TOR directly phosphorylates rice MAF1 protein, as determined by in vitro kinase assay.

(B and C) Rice maf1 mutants show relatively longer shoots (B) and higher above-ground biomass (C) after 7-day WST. There were three biological

repeats, and measurements were taken at 35 DAG. Scale bar, 5 cm. Statistical significance was assessed using two-tailed t-tests. **p < 0.01. Scale bar,

5 cm.

(D) TOR promotes the biosynthesis of pre-tRNAs (Leu, Lys, Met, Thr) in protoplasts from WT and maf1 mutants. Protoplasts were harvested after

transfection or after 10 mM Torin2 treatment for 6 h. TOR activity was determined by measuring the level of phosphorylated RPS6a in immunoblot an-

alyses. Error bars indicate means ± SD (n = 3). Statistical significance was assessed using two-tailed t-tests. **p < 0.01.

(E and F) qPCR analyses of the relative level of pre-tRNAs (Leu, Lys, Met, Thr) in WT andmaf1mutants (E) and in TOR-i and TOR-OE rice (F). Error bars

indicate means ± SD (n = 3). Statistical significance was assessed using two-tailed t-tests. *p < 0.05, **p < 0.01.

(G)Relative total protein content inmaf1mutant andWT rice seedlings. Error bars indicatemeans ±SD (n = 3). Statistical significance was assessed using

two-tailed t-tests. *p < 0.05, **p < 0.01.
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of tRNAs in eukaryotes (Khanna et al., 2015). It has been shown

that MAF1 predominantly binds to RNA Pol III and functions as

a repressor to suppress cell growth (Ahn et al., 2019; Oliveira

Andrade et al., 2020). Under conditions that promote growth

and involve higher TOR activity, MAF1-mediated transcriptional

repression can be relieved (Willis and Moir, 2007; Kantidakis

et al., 2012). However, the biological mechanism of MAF1’s

function in plants under WST remains unclear. Since WST

represses TOR activity and mRNA translation, we aimed to

investigate whether the negative-acting TOR-MAF1 module is

involved in the decreased protein levels observed under WST

(Figure 2B).
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Amino acid sequence alignment revealed a high degree of con-

servation of the MAF1 sequence in eukaryotes (Supplemental

Figure 7). While previous studies have indicated that

mammalian MAF1 is phosphorylated by mammalian TOR

complex 1 (mTORC1) rather than mTORC2 (Michels, 2011), the

phosphorylation of MAF1 by TOR remains a topic of

controversy. To this end, we performed kinase assays in vitro

and directly demonstrated that MAF1 can function as a

substrate of TOR in rice (Figure 3A). To further elucidate the

function of rice MAF1 under WST, we generated maf1 mutants

in rice using the CRISPR-Cas9 system (Supplemental

Figure 8A). Under normal growth conditions, the maf1 mutants
.
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exhibited increased plant height but significantly lower fertility

(Supplemental Figure 8B–8F), indicating that the maf1 mutants

exhibited stronger growth productivity but at a notable fertility

cost. This performance was comparable to the modest growth

advantage observed in Arabidopsis MAF1 RNAi lines (Blayney

et al., 2022). Interestingly, the rice maf1 mutants displayed

relatively greater shoot length and above-ground biomass

compared to the WT under WST (Figure 3B and 3C),

suggesting that MAF1 modulates the growth process, probably

through the RNA Pol III pathway.

To investigate the association between tRNA synthesis and direct

regulation by the TOR-MAF1 module, we transfected protoplasts

fromWTandmaf1mutantswith anempty vector or one expressing

TOR and then treated themwith or without Torin2 for 6 h. The tran-

script levels of pre-tRNAs were subsequently measured. We

observed that pre-tRNAs accumulated in protoplasts with higher

TOR activity (Figure 3D). However, in the maf1 mutants, TOR had

a limited effect on promoting pre-tRNA synthesis (Figure 3D),

confirming that TOR regulates tRNA synthesis through MAF1. To

evaluate the impact of TOR and MAF1 on pre-tRNA biogenesis,

we conducted qRT–PCRanalysis using total small RNAs extracted

from TOR transgenic seedlings and maf1 mutants and found that

the transcript levels of pre-tRNAs significantly decreased under

WST (Figure 3E and 3F). In contrast, TOR-OE seedlings and the

maf1 mutants exhibited relatively higher levels of pre-tRNAs

compared to the WT and TOR-i seedlings after WST (Figure 3E

and 3F). These results suggested that MAF1 plays a role in

modulating tRNA biogenesis, which is dependent on TOR

activity. To investigate whether the maf1 mutants exhibited

alterations in protein synthesis in response to the repression

caused by WST, we examined the relative protein contents in the

maf1 mutants and WT. Interestingly, we observed higher relative

protein contents in the maf1 mutants compared to WT under

WST conditions (Figure 3G). Considering that TOR-OE rice

exhibited relatively high accumulation of protein and amino acids,

which would lead to better growth performance, these findings

further support the role of TOR-MAF1 in promoting tRNA

synthesis and transfer of amino acids to the translational

machinery. Our data demonstrated that the TOR-MAF1 module

regulates the synthesis of pre-tRNAs under WST. Moreover, the

overexpression of TOR in rice leads to the inhibition of MAF1

through phosphorylation. This, in turn, enhances tRNA biogenesis

and subsequent protein synthesis, ultimately conferring resistance

to growth retardation.
TOR regulates the translation ofmRNAs associatedwith
nitrogen uptake and allocation

Our analysis of polysome profiling and transcriptome data showed

that the TOR signaling pathway regulates themRNAs critical for ni-

trogen uptake and allocation under WST (Figure 1O and

1P; Supplemental Table 2). We also observed a correlation

between TOR activity and relative levels of total nitrogen, protein,

and amino acids in rice (Figure 1Q–1S). Previous studies have

demonstrated that plants primarily take up nitrogen from the soil

through various transport systems, including inorganic

ammonium (NH4
+) and organic forms such as amino acids and

peptides (Tegeder and Masclaux-Daubresse, 2018; Liu et al.,

2022a). Based on our polysome profiling results, the translation of

AAP1, NPF7.3/OsPTR6, and AMT1;1mRNAs was inhibited under
Mole
WST (Figure 1O and Supplemental Table 2). These three genes

have been shown to enhance rice yield by improving NUE (Fan

et al., 2014; Li et al., 2016; Ji et al., 2020; Wu et al., 2022).

However, it remains unclear whether they are involved in nitrogen

uptake and allocation under water-saving conditions and whether

TOR regulates these processes.

To investigate this, we transfected protoplasts isolated from the

sheaths of 15-day-oldWTand TOR-OE rice seedlingswith hemag-

glutinin (HA)-tagged genomic sequences of AAP1, NPF7.3, and

AMT1;1 (Supplemental Figure 9A). The transfected protoplasts

were then incubated in a W5 solution containing 10 mM TOR

inhibitor (Torin2 or AZD8055) for 6 h. The protoplasts were

then harvested for immunoblot analysis using an anti-HA

antibody to detect the nascent synthesized proteins from the artifi-

cial constructs (Figure 4A and 4C; Supplemental Figure 9A).

Concurrently, we conducted a qRT–PCR assay to examine the

de novo transcription of mRNAs using primers targeting the gene

body and the HA tag (Figure 4B and 4D; Supplemental

Figure 9A). To more accurately assess the effect of TOR on the

translation of specific mRNAs, we calculated the ratio of nascent

synthesized protein to transcriptional mRNA, which serves as a

measure of the translational efficiency of AAP1, NPF7.3, and

AMT1;1. Based on the relative intensity of the signal, the level of

de novo synthesis of the AAP1, NPF7.3, and AMT1;1 proteins

was significantly lower, approximately only 20%–30% of the

control, in the protoplasts with inhibited TOR activity (Figure 4A

and 4B). In contrast, the abundance of nascent synthesized

mRNAs was 2–3 times higher in TOR-OE rice compared to WT

(Figure 4C and 4D), indicating that TOR promotes the translation

of the AAP1, NPF7.3, and AMT1;1 proteins from their mRNAs in

protoplasts, implying that TOR may participate in regulating

nitrogen uptake and allocation at the translational level in rice.

To further explore the role of TOR signaling in controlling the trans-

lationofAAP1,NPF7.3, andAMT1;1 inplants,we treated rice seed-

lingswith TOR inhibitors as described earlier. PRNAwas extracted

following ribosome isolation for subsequent RT–PCR assays. To

establish a control, total mRNA from lysed cells was used. The re-

sults demonstrated a significant reduction in AAP1, NPF7.3, and

AMT1;1 transcripts fromPmRNAswhenTORactivitywas inhibited

in rice (Figure 4E). To genetically confirm the regulation of AMT1;1

translation in WST by TOR signaling, we utilized a commercial

anti-AMT1;1 antibody to detect endogenous AMT1;1 protein

accumulation in rice. Although the transcript levels did not exhibit

a significant decrease in response to altered TOR activity

(Supplemental Figure 9B), we observed a notably low abundance

of AMT1;1mRNA in polysomes from seedlings with reduced TOR

activity (Figure 4E), indicating that the reduced ribosome-loading

efficiency of AMT1;1 mRNAs is associated with suppressed TOR

activity. Next, we performed immunoblot analyses to assess the

protein abundance of AMT1;1 in rice treated with WST or Torin2.

The results revealed a decrease in the accumulation of AMT1;1

protein, consistent with decreased TOR activity (Figure 4F).

Furthermore, we examined the AMT1;1 protein level in TOR-OE

rice with or without WST. Interestingly, immunoblot analysis

demonstrated that enhanced TOR activity led to an increase in

AMT1;1 protein accumulation in rice, particularly under WST

conditions (Figure 4G), despite the absence of a significant

increase in transcript levels (Supplemental Figure 9C). These

findings prompted us to investigate whether the translation of
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Figure 4. TOR regulates the translation of AAP1, NPF7.3, and AMT1;1 in rice under WST.
(A–D) TOR promotes de novo protein synthesis of AAP1, NPF7.3, and AMT1;1 in rice protoplasts. Protoplasts were treated with a TOR inhibitor (10 mM

Torin2 or AZD8055) as a negative control. The ratios of protein/mRNA levels (B and D) were calculated using mRNA and protein levels obtained from

qPCR and western blot assays (A and C), respectively. Quantification of the band intensities in the protein blot were performed using Image Lab (Bio-

Rad). The relative value of each band represents the ratio of band intensity to the loading control intensity. qRT–PCR assays of the transcripts of ACTIN,

AAP1,NPF7.3, and AMT1;1 from constructs, primers across specific target genes, and HA tags are shown in Supplemental Figure 9. ACTINwas used as

a reference gene. Error bars indicate means ± SD (n = 3). Statistical significance was assessed using two-tailed t-tests. **p < 0.01.

(E) RT–PCR analysis of the transcripts of ACTIN, AAP1, NPF7.3, and AMT1;1 from rice seedlings at 35 DAG after 7-day treatment with 10 mM Torin2 or

AZD8055. Expression levels in total mRNA were determined from quantified polysomal (P) mRNA after ribosome extraction and total RNA before

ribosome extraction. Actin was used as an internal control.

(F and G) In vivo immunoblot analyses of AMT1;1 inWT (F) and TOR-overexpressing transgenic rice (G) under WST or 10 mMTorin2 treatment at 35 DAG.

(H) TOR promotes protein synthesis of AAP1, NPF7.3, and AMT1;1 in vivo, as determined by polysome profiling-coupled qRT–PCR assays of the AAP1,

NPF7.3, and AMT1;1 transcripts in polysomal (P) mRNA. Total mRNA was extracted from P mRNA, followed by cDNA synthesis and qRT–PCR using

gene-specific primers. The abundance of specific mRNA in P mRNA was quantified as the relative level in polysomes using ACTIN as a reference gene.

Error bars indicate means ± SD (n = 3). Statistical significance was assessed using two-tailed t-tests. **p < 0.01.
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thesemRNAswas regulated byWST-TOR signaling directly. Using

a combination of polysome profiling and qRT–PCR, we examined

the ratio of these mRNAs in polysomes. The results showed that

the low TOR activity in TOR-i seedlings and Torin2-treated seed-

lings reduced the translation of these mRNAs (Figure 4H).

Interestingly, overexpressing TOR alleviated the inhibitory effect

of WST and led to the accumulation of more target mRNAs in

polysomes (Figure 4H). Collectively, these findings indicated that

TOR signaling enhances translation of specific mRNAs

associated with nitrogen uptake and allocation, which affects

as vitality of rice under water-saving conditions.
TOR enhances NUE by increasing nitrogen allocation
and ammonium uptake under WST

The translational regulation of specific mRNAs implied that the

translation of these transcripts is controlled independently of
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the overall translational state of the cell. The mechanisms under-

lying this type of regulation are not fully understood in most

cases. However, it is believed to involve specific trans factors,

including RNA-binding proteins, particular translation factors, ri-

bosomal protein isoforms, small RNAs, and cis-regulatory ele-

ments within the target mRNAs (Merchante et al., 2017). To

evaluate the role of the 50 untranslated region (UTR) region in

the three mRNAs (AAP1, NPF7.3, and AMT1;1) in rice, we

generated transgenic rice plants overexpressing the FLAG- or

GFP-tagged coding sequence (CDS) of these genes

(Supplemental Figure 10A) and confirmed the presence of the

transgenes using qRT–PCR analysis (Supplemental Figure 10B–

10D). Following treatment with a TOR inhibitor or WST, we

observed that the abundance of target proteins did not

significantly decrease despite inhibition of TOR activity

(Figure 5A–5C). This finding contrasted with the marked

reduction in de novo synthesis of AAP1, NPF7.3, and AMT1;1
.



Figure 5. TOR enhances biomass and NUE by modulating AAP1, NPF7.3, and AMT1;1.
(A–C) TOR improves the accumulation of AAP1 (A), NPF7.3 (B), and AMT1;1 (C) in vivo in stable transgenic lines at the seedling stage, as determined by

immunoblot analyses. Torin2 treatment was performed at a concentration of 10 mM.

(D–F) Statistical data of relative above-ground biomass in transgenic lines AAP1-FLAG (D), NPF7.3-GFP (E), and AMT1;1-GFP (F) at 35 DAG after

treatments with WST and Torin2. Error bars indicate means ± SD (n = 3). Statistical significance was assessed using two-tailed t-tests. **p < 0.01.

(G and H) Performance and biomass investigation showed that PEG6000 (concentration at 8%) represses the activity of TOR activated by 50 mM nitrate

(NO3
�) or 50 mM ammonium (NH4

+) in rice seedlings. Scale bar, 3 cm.

(I) Effects of NH4
+ and NO3

� on TOR activity in rice seedlings grown in medium with/without 8% PEG6000. Error bars indicate means ± SD (n = 3).

Statistical significance was assessed using two-tailed t-tests. **p < 0.01.

(J and K) Statistical data of above-ground biomass (J) and NUE (K) in TOR transgenic rice under NC and WST. Error bars indicate means ± SD (n = 6).

Statistical significance was assessed using two-tailed t-tests. **p < 0.01.
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proteins observed in response to suppressed TOR activity

(Figure 4) and the enhanced accumulation of protein in TOR-OE

lines shown in Figure 4C, 4D, 4G, and 4H. These data

suggested that TOR regulates the translation of the three

mRNAs (AAP1, NPF7.3, and AMT1;1), potentially through the 50

UTR regions absent in the CDS constructs in transgenic rice

(Supplemental Figure 10A).

Previous studies have shown that the AAP subfamily members

act as proton-coupled amino acid transporters for organic nitrogen

uptake in plants (Fischer et al., 2002; Tegeder and Masclaux-

Daubresse, 2018). On the other hand, rice PTR6 (NPF7.3) is

responsible for transporting peptides across the vacuolar

membrane for nitrogen allocation (Ouyang et al., 2010; Fang et al.,

2017). Inorganic nitrogen uptake in rice is facilitated by

ammonium transporters (AMTs) (Gazzarrini et al., 1999; Tegeder

and Masclaux-Daubresse, 2018). Building upon published

information and our aforementioned data confirming the

translational regulation of the AAP1, NPF7.3, and AMT1;1 proteins

by TOR signaling, we hypothesized that the translation of AAP1,

NPF7.3, and AMT1;1 was involved in nitrogen uptake and

allocation under WST. To test this hypothesis, we quantified
Mole
nitrogen contents and observed that AAP1 and NPF7.3 RNA

interference lines and amt1;1 mutants displayed impaired abilities

to assimilate nitrogen under WST (Supplemental Figure 10E�10I).

Interestingly, rice overexpressing the CDSs of AAP1, NPF7.3,

and AMT1;1 demonstrated resistance to the decrease in

translation associated with the suppression of TOR activity

induced by WST or Torin2 treatment. This resistance resulted in

the accumulation of relatively higher nitrogen levels in these plants

(Supplemental Figure 10J–10L). Taking into consideration the

enhanced nitrogen uptake and allocation, which can lead to

increased biomass accumulation, we examined the relative

biomass of rice seedlings after WST or Torin2 treatment.

Strikingly, rice plants overexpressing the CDSs of AAP1, NPF7.3,

and AMT1;1 exhibited significantly higher relative biomass

(Figure 5D–5F). Since TOR was unable to regulate the translation

of those transcripts without a 50 UTR sequence, nitrogen uptake

and allocation were no longer repressed by WST. Thus,

deregulation of the CDS for AAP1, NPF7.3, or AMT1;1 could

mitigate the growth retardation mediated by TOR signaling upon

WST. Conversely, we observed that seedlings of the rice RNA

interference lines AAP1-i and NPF7.3-i as well as amt1;1 mutant

seedlings produced relatively less biomass than the WT under
cular Plant 17, 240–257, February 5 2024 ª 2023 The Author. 249



Molecular Plant Mitigating growth-stress tradeoffs via TOR signaling
WST (Supplemental Figure 10M–10O). These findings suggested

that WST restricts TOR-mediated nitrogen uptake and allocation

in rice, partially through translational regulation.

Recent studies have shown that nitrogen plays a critical role as an

upstream signal for TOR activation in animals and Arabidopsis

(Cao et al., 2019; Kim and Guan, 2019; O’Leary et al., 2020; Liu

et al., 2021). However, it remains unclear whether nitrogen-

related nutrients regulate TOR signaling under WST. We exam-

ined the impact of different nitrogen sources, including NH4
+,

nitrate (NO3
�), and glutamine on TOR activity in rice and found

that these nitrogen sources effectively activated TOR activity

(Supplemental Figure 10P). These findings aligned with

previous studies in Arabidopsis (O’Leary et al., 2020; Liu et al.,

2021; Ingargiola et al., 2023) demonstrating that nitrogen

directly influences TOR activity.

Although different forms of nitrogen can efficiently activate the

evolutionarily conserved TOR, plant species have distinct abilities

to take up and utilize these nitrogen forms. In the case of rice,

ammonium is generally considered the main nitrogen source

(Wang et al., 1994; Cao et al., 2018; Guo et al., 2023). Previous

studies have revealed that rice seedlings predominantly take up

NH4
+ in paddy fields and that rice supplied with NH4

+ instead of

NO3
� exhibit better adaptation to drought stress (Yang et al.,

2012; Ding et al., 2015; Cao et al., 2018). However, the

underlying molecular mechanisms responsible for this

preference remain unknown. To delve deeper into the roles of

TOR in the differential uptake of NH4
+ and NO3

� under WST in

rice, we devised a meticulously controlled approach. This

involved simulating water-scarcity conditions using an 8% poly-

ethylene glycol (PEG) solution while supplying the medium with

NH4
+ or NO3

�. This method was established based on a previ-

ously published study (Cao et al., 2018) and ensured accurate

simulation of water-saving conditions. Upon assessing biomass,

we observed that TOR-OE rice displayed higher relative produc-

tivity when cultivated in a medium containing NH4
+ as compared

to one containingNO3
�, under PEG treatment (Figure 5G and 5H).

Subsequently, we investigated whether the two forms of

inorganic nitrogen had distinct effects on TOR activity under

PEG treatment. Utilizing immunoblot analyses to visualize TOR

activity, we made an intriguing observation that TOR activity

was effectively suppressed by 8% PEG6000, irrespective of the

presence of sufficient inorganic nitrogen supplementation

(Figure 5I). Significantly, NH4
+ exhibited higher efficacy in miti-

gating the repression induced by water scarcity as compared

to NO3
� (Figure 5I). These findings shed light on the molecular

mechanisms underlying rice’s preference for NH4
+ over NO3

�,
which involves translational regulation of mRNAs related to nitro-

gen uptake and allocation under WST.

To validate our hypothesis regarding the role of TOR in regulating

rice production and NUE under WST, given that productivity dur-

ing the reproductive period of a crop is one of the most important

determinants of final crop yield, we conducted experiments

focusing on the productivity of TOR-i and TOR-OE rice at the

reproductive stage. As expected, we observed a notable positive

correlation between relative biomass and NUE in relation to TOR

expression levels followingWST (Figure 5J and 5K; Supplemental

Figure 10Q). These findings are consistent with our previous data

showing that TOR-OE rice, which has higher TOR activity,
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exhibited higher relative levels of nitrogen, protein, and amino

acids (Figure 1Q–1S).

DISCUSSION

In the pursuit of sustainable agriculture, there is an urgent need

for advancements in crop germplasm innovation to develop

resource-saving and environmentally friendly varieties (Yu et al.,

2022; Hu et al., 2023). In many studies, the evaluation of stress-

resistance genes has predominantly focused on assessing the

survival rate under severe drought stress conditions (Waadt

et al., 2022; Zhang et al., 2022a). However, there is still a lack

of genes that have been proven to be highly effective in

developing drought-resistant varieties. In contrast, WDR rice

varieties have been successfully developed through

conventional breeding of elite rice by harnessing genetic

resources from ancient upland rice (Luo, 2010). Despite the

potential benefits of developing water-saving rice varieties in

terms of food security and mitigating global warming (Heredia

et al., 2022; Xia et al., 2022), there are still fundamental

scientific questions regarding the molecular mechanisms

responsible for sustaining high productivity under WST.

We established an innovative water-saving strategy to assess the

impact of WST on photosynthesis, water supply, and productivity

in paddy-field rice (Figure 1A–1I). Our results demonstrated that

WST represents an abiotic stressor that disrupts the equilibrium

of energy absorption and redistribution in rice. Prior research

has indicated that plant productivity is regulated by TOR-

mediated networks, which coordinate nutrition and stress re-

sponses to sustain growth and energy redistribution. Additionally,

the dynamics of nutrient acquisition are influenced by the dy-

namic nature of the environment (Baena-Gonzalez and Hanson,

2017; Li et al., 2021; Meng et al., 2022; Ye et al., 2022). In our

previous study, we provided evidence that prolonged mild

drought stress leads to a substantial decrease in the

photosynthesis rate and impairs nutrient acquisition, resulting in

reduced biomass and yield in rice (Du et al., 2018). In this

study, we employed WST to simulate widely used water-saving

strategies, commonly implemented in the cultivation of WDR

rice varieties, for paddy-field rice (Figure 1A). Our in-depth anal-

ysis of polysome profiling data revealed that TOR-mediated

translational repression occurs under WST, affecting mRNAs en-

coding proteins critical for nitrogen uptake and allocation, as well

as components of the translation machinery such as proteins

involved in the synthesis of tRNAs and ribosomes (Figure 1O–

1P). Furthermore, our study provided additional evidence that

TOR-OE rice have elevated levels of relative proteins, amino

acids, and nitrogen (Figure 1Q–1S and Supplemental Table 2).

Notably, these improvements in NUE were observed even

under WST (Figure 5K). The relative proteins, amino acids, and

nitrogen enhancements in TOR-OE rice were attributed to the

upregulation of polysome loading and translation of mRNAs for

proteins related to nitrogen uptake, underscoring the role of

TOR regulation (Figures 4 and 5). Thus, TOR signaling emerged

as a potential mechanism to enable rice plants to alleviate

growth suppression caused by WST without significant

negative consequences (Figure 6). A previous comprehensive

proteomics analysis demonstrated that drought stress leads to

a reduction in protein content in plants (Heinemann et al.,

2021). Likewise, we observed similar alterations in rice following
.



Figure 6. A proposed model illustrating how TOR signaling modulates rice growth under normal or water-saving treatment.
Under normal conditions, the TOR-S6K-RPS6 module and the TOR-MAF1 module work together to regulate protein translation and the biosynthesis of

pre-tRNA in rice cells. This coordinated regulation allows optimal protein synthesis. Additionally, TOR can regulate protein synthesis by controlling the

UTR regions of specific nitrogen assimilation-related genes such as AAP1, NPF7.3, and AMT1;1. This regulation ensures normal NH4
+ absorption and

utilization in rice, which in turn promotes TOR activity and supports the normal growth of rice. However, under water-saving treatment (WST), TOR activity

is inhibited. This inhibition leads to the phosphorylation of MAF1 and the inhibition of S6K-RPS6 signaling. As a result, tRNA biogenesis and protein

translation efficiency are affected. Furthermore, the translation of AAP1, NPF7.3, and AMT1;1 is suppressed, leading to reduced NH4
+ absorption and

nitrogen allocation efficiency, thereby reducing nitrogen use efficiency (NUE) and protein synthesis, ultimately causing growth retardation and reduced

biomass in rice under WST. In TOR-OE rice, TOR remains more active when exposed to WST, which helps to maintain a certain level of inhibition of the

phosphorylation of MAF1. Additionally, the inhibition of S6K-RPS6 signaling and translational inhibition of AAP1, NPF7.3, and AMT1;1 are also greatly

reduced. This leads to significant improvements in tRNA biogenesis, protein translation efficiency, and NH4
+ uptake and nitrogen allocation efficiency in

TOR-OE rice under WST. The ability of TOR-OE rice to grow underWST is evident in the model, where pink modules represent higher levels of expression

or phosphorylation and light modules indicate lower levels.
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WST, which could be attributed to TOR-mediated adaptation to

water deficit. This adaptation was likely responsible for the down-

regulation of energy-consuming processes and the consequent

growth inhibition. Furthermore, the decline in nitrogen-derived

amino acid pools may fine-tune TOR activity through instant

feedback, as amino acids act as upstream signals for TOR activa-

tion (Figure 6 and Supplemental Figure 10P) (Cao et al., 2019;

O’Leary et al., 2020; Liu et al., 2021). Thus, TOR signaling under

WST represents a novel adaptation mechanism that maintains

cellular energy homeostasis under conditions of limited nitrogen

availability through the integration of nitrogen capture and

protein translation (Figure 6).

The translation machinery, which includes tRNAs, ribosomes,

and translation regulators, plays crucial roles in translational con-

trol. Translational regulators transmit growth, development, and

stress signals to the translation machinery (Merchante et al.,

2017), where global or selective translational control occurs to

modulate mRNA translation efficiency. Under severe stresses

such as salinity, water deficit, and extreme temperatures, the

energetically demanding translation machinery is slowed down,

resulting in a significant decrease in global translation rates

(Kawaguchi et al., 2003; Matsuura et al., 2013; Merret et al.,

2015; Wang et al., 2017). Despite the identification of

translational repression under various stress conditions, the
Mole
underlying biological mechanisms responsible for this

phenomenon remain largely unknown.

Activation of TOR promotes overall translation by stimulating ribo-

some biogenesis, assembly, and initiation of translation, leading to

increased global protein synthesis (Lee et al., 2017; Chen et al.,

2018; Schepetilnikov and Ryabova, 2018; Ahn et al., 2019;

Scarpin et al., 2020, 2022; Dong et al., 2023). However, the

specific role of TOR signaling in alleviating abiotic stress in

plants remains largely unexplored. By performing molecular,

biochemical, and genetic analyses, we uncovered the

participation of RPS6a/eS6 as a downstream target of TOR-S6K

signaling under WST (Figure 2A–2C). The ribosome-loading

efficiency data obtained from rps6a mutants provided additional

evidence supporting the participation of the TOR-S6K-RPS6a

module in the global repression of translation under WST

(Figure 2I and Supplemental Figure 6F). These findings

highlighted the crucial role of RPS6a in regulating ribosome-

loading efficiency during the adaptation mediated by TOR

signaling under WST. Furthermore, we observed that rice maf1

mutants displayed enhanced productivity, accompanied by

increased relative tRNA and total protein accumulation (Figure 3).

Subsequent biochemical and genetic assays confirmed that

TOR-MAF1-mediated Pol III activity also contribute to the reduc-

tion in tRNA biosynthesis under WST (Figure 3D–3F).
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Consequently, the availability of tRNAs for translation is reduced,

leading to global translational repression under WST. In

summary, our findings offer direct evidence of a decrease in

translation capacity in rice as a result of WST. This reduction can

be partially attributed to the TOR-S6K-RPS6a and TOR-MAF1

modules (Figure 6). Nevertheless, the precise components of the

dynamic translation machinery governed by TOR signaling under

WST at the biochemical and genetic levels have yet to be fully

elucidated. Further integrated studies are required to unravel the

intricate mechanisms underlying TOR signaling under stress

conditions.

Notably, published data have highlighted the involvement of nitro-

gen assimilation in drought stress, with ABI2 (ABA insensitive 2), a

phosphatase inhibitedbyABA, identifiedasakeypositive regulator

of the nitrate transporter NPF6.3 (Leran et al., 2015). Additionally,

key enzymes involved in nitrogen allocation or remobilization

processes, such as OsGS1;1 and OsNADH-GOGAT2, have been

shown to play important roles in plant productivity under abiotic

stress. For instance, co-overexpression of OsGS1;1 and OsGS2

leads to increased yield under drought and salinity stress in rice

(James et al., 2018), indicating the significance of nitrogen

allocation in enhancing plant productivity under adverse

conditions. Recently, the DST-NR1.2 signaling pathway was

discovered to control rice NUE by affecting nitrogen assimilation

under drought stress (Han et al., 2022). However, the coupling of

drought tolerance and nitrogen assimilation mediated by DST

limits its application in engineering drought-tolerant rice varieties

with higher NUE.

In our study, we discovered that rice TOR plays a crucial role in

maintainingsignificant relativebiomassandNUEunderWSTbysta-

bilizing the translation machinery and improving nitrogen uptake

and allocation. To elucidate the underlying mechanism, we con-

ducted in vivo and in vitro assays, which revealed that AAP1,

NPF7.3, and AMT1;1 are subjected to translational regulation by

TOR signaling (Figures 4 and 5A–5C). Moreover, our data also

demonstrated the crucial role of the 50 UTR region in AAP1,

NPF7.3, and AMT1;1 in the potential specific translational control

mediated by TOR. Importantly, the constitutive overexpression of

the CDSs of AAP1, NPF7.3, and AMT1;1 resulted in the

maintenance of high relative nitrogen content and an increase in

relative biomass production under WST (Figure 5D–5F and

Supplemental Figure 10J–10L). These novel findings suggested

that TOR signaling could alleviate growth retardation and enhance

nitrogen accumulation under WST, potentially through both global

and specific translational regulation mechanisms (Figure 6).

However, further studies are required to elucidate the biological

basis of how TOR regulates the translation of specific genes.

Ammoniumhasbeen recognizedas theprimarynitrogensource for

paddy-field rice (Wang et al., 1993). In the rhizosphere, where

oxygen is transported by aerenchyma cells in the roots, nitrate

can be converted to ammonium through the nitrogen assimilation

pathway (Li et al., 2008; Nojiri et al., 2020). Previous studies found

that the uptake of ammonium in rice is significantly reduced

under drought conditions (Foyer et al., 1998; Xu and Zhou, 2006).

Despite the importance of ammonium for rice, the molecular

mechanisms underlying the repression of ammonium absorption

remain unknown. Here, we presented biochemical and genetic

evidence indicating that TOR signaling regulates the translation of
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an ammonium transporter, known as AMT1;1, under WST in rice

(Figure 4). Through further genetic and physiological analyses, we

discovered that rice AMT1;1 is under translational control by TOR

signaling. Moreover, we found that amt1;1 mutants exhibited a

considerable decrease in both nitrogen accumulation and

biomass under WST (Supplemental Figure 10I and 10O). These

findings provided compelling evidence that the repression of

ammonium uptake during WST is primarily due to the decreased

translation of AMT1;1, which is related to the inhibition of TOR

activity. Additionally, TOR-OE rice can effectively balance

productivity and defense tradeoffs by improving the translation of

AMT1s. In Arabidopsis, various nitrogen signals have been shown

to activate TOR signaling directly (Cao et al., 2019; O’Leary et al.,

2020; Liu et al., 2021; Ingargiola et al., 2023). In this study, we

found that nitrate, ammonium, and glutamine could efficiently

activate TOR in rice (Supplemental Figure 10P). However, when

we used an 8% PEG treatment to mimic WST, we surprisingly

found that ammonium stimulated TOR activity more strongly than

nitrate (Figure 5I). This finding suggested that there is a hierarchy

in the nitrogen sources promoting TOR activation, with

ammonium being more effective than nitrate in rice. Furthermore,

we demonstrated that TOR-OE rice exhibited higher relative

biomass when fed with ammonium rather than nitrate (Figure 5G

and 5H). Taken together, our data indicated that ammonium is

crucial for activating TOR and promoting the translation

machinery, thereby enhancing nitrogen uptake and allocation in

rice under WST (Figure 6).

In summary, our findings collectively demonstrated that the TOR

signaling pathway plays a crucial role in mediating the biosyn-

thesis of tRNA and enhancing translation efficiency, thereby

regulating the translational machinery responsible for protein

synthesis under WST. Additionally, TOR promotes the translation

of specific genes involved in NH4
+ absorption and nitrogen allo-

cation to improve nutrient uptake and utilization (Figure 6).

Thus, TOR plays a pivotal role in mediating the translation of

genes related to nitrogen uptake and allocation, thereby

regulating both productivity and NUE under WST. This

discovery of the TOR regulatory system offers valuable insights

for the development of novel breeding strategies that involve

overexpressing TOR to mitigate the tradeoff between grain

yield and water conservation in crop production (Figure 6).

Therefore, our study presents a promising strategy to balance

crop yields and water conservation by moderately enhancing

TOR signaling without incurring severe yield penalties,

facilitating the development of low-carbon agriculture worldwide.

METHODS

Vector construction and rice transformation

The maf1 and rps6a mutants were created using the CRISPR-Cas9 sys-

tem in the Kitaake background (Oryza sativa L. ssp. japonica). The

CRISPR-Cas9 plasmids were constructed, and guide sequences of 20

base pairs were selected and analyzed for targeting specificity using

CRISPR-P 2.0 (Liu et al., 2017). Genomic DNA was extracted from the

transgenic lines using the cetyltrimethylammonium bromide method.

The genomic regions surrounding the CRISPR target sites were amplified

by PCR with specific primers (Supplemental Table 1), and the resulting

segments were subjected to Sanger sequencing to identify mutations.

For the overexpression of rice S6K1 and TOR in the Kitaake background,

the sequences encoding fusion proteins, S6K1-FLAG and TOR-FLAG,
.
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were cloned into a binary vector (pCAMBIA1300) under the control of the

Zea mays UBIQUITIN (UBI) gene promoter, utilizing the Monclone kit

(Monad Biotech, China). The plasmids were transformed into Agrobacte-

rium strain EHA105, and rice transformation was performed as previously

described (Hiei et al., 1994). Transgenic plants were identified using

specific primers (Supplemental Table 1). The TOR-i rice was generated

using a 312-bp fragment specific to the TOR gene (Os05g0235300) as

the targeting site in the RNAi backbone vector pTCK303. All plants used

for propagation were grown in paddy fields in Hainan during the winter

and in Hangzhou during the summer.

The rice AAP1 and NPF7.3 overexpression lines and RNA interference

lines were in the ZhongHua11 background (O. sativa L. ssp. japonica),

as produced in previous studies (Fang et al., 2017; Ji et al., 2020). The

amt1;1 knockout mutants were generated using the CRISPR-Cas9 tool

in the rice cultivar Nipponbare (O. sativa L. ssp. japonica), as described

previously (Li et al., 2016).

Treatments and physiological measurements

For theWST throughout the life cycle, seeds of T1 or T2 overexpression lines

and mutants were germinated onMurashige and Skoog (MS) medium sup-

plemented with 50 mg/l hygromycin for selection. Five days after germina-

tion (DAG), the seedlings were transferred to a 17-l bucket, with two plants

of each line occupying half of the bucket. To maintain the desired SWC,

the SWC was regularly monitored using a TRIME-PICO TDR device. Water

was added as needed to maintain the SWC within the target range of

25%–30% from 20 DAG to 50 DAG, 30%–40% from 5 DAG to 20 DAG,

and 30%–40% from 50 DAG to 80 DAG. During the seedling stage, WST

was implemented by maintaining the SWC within the range of 25%–30%

from 28 DAG to 35 DAG. At 35 DAG, photographs were taken or sampling

was conducted, depending on the specific experimental requirements.

For the treatment with TOR inhibitors Torin2 (Macklin, 1 223 001-51-1) and

AZD8055 (Macklin, 1 009 298-09-2), we followed a previously published

method with slight modifications (Sun et al., 2016). In brief, the inhibitors

were dissolved in dimethyl sulfoxide (DMSO) to prepare 10 mM stock

solutions. These stock solutions were then aliquoted and stored at �20�C
for future use. Prior to usage, the working concentration of 10 mM was

prepared by diluting the stock solution for spreading on rice seedlings.

Specifically, 1 ml of the working solution was applied to each seedling at 28

DAG, with subsequent applications every 2 days for a total duration of

7 days before sampling for physiological assays. The TOR inhibitor

treatments to protoplasts were carried out after transfection, using a final

concentration of 10 mM in W5 solution. As controls for the TOR inhibitor

treatment, we used a working concentration of an equal volume of DMSO

at 0.01 mM. The controls were subjected to the same treatment procedure

as described above. The photosynthetic rate was measured on the

youngest fully developed leaves at 35 DAG using a portable photosynthesis

system (LI-6400; Li-Cor, Lincoln, NE, USA) equipped with a red-/blue-light-

emitting diode light source (6400-02B; Li-Cor). Pollen viability was analyzed

by incubating mature anthers with 1% (w/v) I2-KI staining solution. Images

were captured and recorded using a LeicaDMIRBfluorescencemicroscope.

Seedling treatment with ammonium and nitrate

T2 seeds of transgenic rice lines andWT were sterilized and germinated in

MS medium. After 5 days, seedlings of similar size were transferred to

sterile glass tubes containing a nutrient solution composed of 0.5 mM

MgSO4$7H2O, 0.4 mM CaCl2, 0.2 mM KCl, 0.2 mM NaH2PO4$2H2O,

0.1 mM NH4NO3, 10 mM MnCl2$4H2O, 30 mM FeSO4$7H2O-EDTA,

10 mM H3BO3, 0.5 mM ZnSO4$7H2O, 0.2 mM CuSO4, 0.1 mM

Na2MoO4$4H2O, and 7 g/l plant agar. The pH of the solution was adjusted

to 5.5 using a 5 mM 4-morpholineethanesulfonic acid (MES) buffer. The

following treatments were applied in the nutrient solution: 1 mM NH4
+,

1 mM NO3
�, 1 mM NH4

+ with 8% PEG6000, and 1 mM NO3
� with 8%

PEG6000. These treatments were maintained for 10 days before samples

were harvested. The experiments were conducted in a growth chamber
Mole
with a photoperiod of 14 h light and 10 h darkness, a light intensity of

500 mmol m�2 s�1, relative humidity of approximately 60%, and tempera-

tures of 30�C and 25�C during the day and night, respectively.

Total protein, nitrogen, amino acids, and nitrogen use
efficiency

For the total protein assay, 10 mg of lyophilized plant powder was dis-

solved in 700 ml of methanol and incubated at 65�C for 30 min. The result-

ing pellets were washed twice with 1 ml of 70% ethanol (v/v) after centri-

fugation (15 min, 4�C, 16 000 g) and then resuspended in 500 ml of 0.1 M

NaOH. The solution was further incubated at 95�C in a shaking water bath

for 1 h before centrifugation. The protein content of the supernatant was

quantified using Coomassie brilliant blue G250 Assay Reagent (Vazyme,

China). To measure the total nitrogen content in rice, a TOC/TN analyzer

(Shimadzu, Japan) equipped with TNM-1 attachments was used following

a previously established method (Hoosbeek et al., 2006). For the

measurement of total amino acids, the high-performance liquid chroma-

tography (HPLC) method was employed as described in previous studies

(Sanders et al., 2009). Single free amino acids were extracted and

measured using HPLC with an amino acid analyzer (Hitachi, Japan),

following a detailed method outlined in Ji et al. (2020). NUE was

determined by taking the ratio of total grain yield to applied N fertilizer.

Isolation of total RNA, polysomal RNA, and non-polysomal RNA

Total RNA was extracted from rice tissues using RNA isolater Total RNA

Extraction Reagent (Vazyme, China). The quality and quantity of the ex-

tracted RNA were assessed using a NanoDrop 1000 spectrophotometer

(Thermo Fisher Scientific, USA). For polysome profiling analyses, we fol-

lowed a previously described method (Kawaguchi et al., 2003) with slight

modifications. Rice leaves were harvested and ground in liquid nitrogen.

To separate P and NP RNAs, 1.0 ml of frozen seedling powder was mixed

with 1.0 ml of polysome extraction buffer (200 mM Tris–HCl [pH 8.5],

25 mM MgCl2, 50 mM KCl, 50 mg/ml cycloheximide, 100 mg/ml heparin,

400 U/ml RNAsin, 2% polyoxyethylene 10 tridecyl ether, 1% deoxycholic

acid, and 1% [v/v] NP-40). After incubation on ice for 5minwith gentle inver-

sion, cell debris was removed by centrifugation at 12 000 g for 5 min at 4�C.
Next, 750 ml of plant extract was carefully layered on top of a 15%–50% su-

crose gradient in a 12-ml tube. The tubeswere then centrifuged at 210 000 g

using a Beckman ultracentrifuge at 4�C for 3.5 h. This resulted in the distri-

bution of P RNAs within the sucrose gradient based on their sedimentation

coefficient. Fourteen fractions were collected using a density gradient frac-

tionator (ISCO, Lincoln, NE, USA), including NP and P fractions. The P frac-

tionswere further divided intomixed fractions 1–7 andmixed fractions 8–14.

Total RNA from the P or NP fractionswas then extracted using acid-phenol-

chloroform (pH 4.5), followed by lithium chloride precipitation. The RNA

quantifiedusingaQubit 3.0 (ThermoFisher)wasdissolved indiethyl pyrocar-

bonate-treated ultrapure H2O for subsequent RNA-seq at Novogene Bioin-

formatics Technology or qPCR assays performed using MQ00801-

MonAmp Universal ChemoHS Specificity Plus qPCR Mix (Monad Biotech,

China). The ACTIN gene was used as an internal control to normalize the

expression levels of target genes. The percentage of P RNA relative to total

RNA (NP + P) was calculated using the formula: RNA in polysomes % =

(amount of PRNA/amount of P and NP RNA)3 100%.

RNA-seq analyses

The mRNA was extracted from the total RNA, specifically from the P or

NP fractions, using the mRNA Isolation Master Kit (Yeasen, China). The ex-

tracted mRNA was then used to construct sequencing libraries with the

TruSeq PE Cluster Kit v3-cBot-HS (Illumina). These libraries were subjected

to high-throughput sequencing on a HiSeq-PE150 (Illumina) platform at No-

vogene Bioinformatics Technology (China). To ensure data quality, raw

sequencing reads were filtered by Trimmomatic (version 0.39). The filtered

reads were then aligned to the rice genome (MSU RGAP, release 7) using

HISAT2 (version 2.0.5) with default parameters. The abundance of anno-

tated reference genes was quantified utilizing StringTie (version 2.0). Differ-

ential expression analysiswas performedusingDESeq2, considering genes
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with a multiple-test corrected p value of less than 0.05 as differentially ex-

pressed. To assess the effects of WST on P mRNA, hierarchical clustering

analysis was conducted using the ratio of WST-treated P mRNA to (P

mRNA+NP) mRNA and the ratio of P mRNA to (P mRNA+NP mRNA) under

normal conditions.
Co-immunoprecipitation assay

To study the interaction between TOR and S6K1 in rice, we isolated pro-

toplasts from the leaves of 15-day-old seedlings. The fusion proteins

TOR-HA and S6K1-FLAG were co-expressed in protoplasts for 12 h.

The total protein from the protoplasts was extracted using a lysis buffer

consisting of 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA,

1 mM dithiothreitol (DTT), 1% Triton X-100, and 13 protease inhibitor

cocktail (Complete Mini, Roche, USA). The protein extracts were then

incubated with 1 mg of HA antibody (Sigma, USA) at 4�C for 3 h, followed

by an additional 3-h incubation with protein G Sepharose beads (GE

Healthcare, USA). The immunoprecipitated protein on the beads was

washed three times with lysis buffer. Subsequently, the proteins were

eluted from the beads by adding 20 ml of 23 SDS loading buffer. After sep-

aration on a 10% SDS–PAGE gel, the presence of TOR-HA in the input

sample was detected using an anti-HA antibody. Anti-FLAG antibody

was used to detect S6K1-FLAG from the beads before and after

immunoprecipitation.
In vitro kinase assay

For in vitro kinase assays, TOR-HA and S6K1-HA kinase fusions were

separately expressed in rice protoplasts and purified from 4 3 105 proto-

plasts as follows. Protoplasts were lysed in 1 ml of immunoprecipitation

buffer containing 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA,

1 mM DTT, 2 mM NaF, 2 mM Na3VO4, 1% Triton X-100, and 13 protease

inhibitor cocktail (Complete Mini, Roche). The protein extracts were incu-

bated with 2 mg of anti-HA antibody (Sigma, H9658) at 4�C for 2 h and an

additional 1 h with protein G Sepharose beads (GE Healthcare). The

immunoprecipitated kinase protein was washed three timeswith immuno-

precipitation buffer and once with kinase buffer for S6K1 (25 mM Tris–HCl

[pH 8.0], 100 mM NaCl, 10 mM MgCl2, 5 mM CaCl2, and 1 mM DTT) and

kinase buffer for TOR (25 mM HEPES [pH 7.4], 50 mM KCl, 10 mMMgCl2,

10 mM cold ATP). The substrates rice Maf1-His and RPS6a-His were ex-

pressed in E. coli strain BL21 cells and purified. In vitro kinase assays

were performed by incubating purified kinase and 0.2 mg of substrate in

a reaction buffer containing 25 mM Tris–HCl (pH 8.0), 100 mM NaCl,

10 mM MgCl2, 5 mM CaCl2, 0.1 mM ATP, and 6 mCi [g-32P]ATP at 30�C
for 30 min for the S6K1-RPS6a kinase assay. For the TOR-Maf1 kinase

assay, reactions were performed in 25 mM HEPES (pH 7.4), 50 mM KCl,

10 mM MgCl2, 0.1 mM ATP, and 6 mCi [g-32P]ATP at 30�C for 30 min.

The reaction was stopped by adding 15 ml of 63 SDS–PAGE loading

buffer. After the separation of the proteins on a 15% SDS–PAGE gel, pro-

tein kinase activity was detected on the dried gel using a Typhoon imaging

system (GE Healthcare).
Analyses of de novo protein synthesis

To analyze de novo protein synthesis, we constructed vectors express-

ing the HA-tag fused to the genomic sequence of AAP1

(Os07g0134000), NPF7.3 (Os04g0597800), AMT1;1 (Os04g0509600), or

ACTIN (Os03g0718100). Each vector (100 mg) was expressed in rice pro-

toplasts. The protoplasts (5 3 106) were divided into three groups for

different treatments: 0.01 mM DMSO, 10 mM Torin2, or 10 mM

AZD8055. After incubation in W5 solution (containing 2 mM MES [pH

5.7], 154 mM NaCl, 125 mM CaCl2, and 5 mM KCl) for 6 h, the proto-

plasts were harvested for western blot analysis and qRT–PCR assays

using kits from Monad Biotech, China. For qRT–PCR, forward and

reverse primers were designed to cover the fusion connector of the 30

HA tag and 50 HA tag. The specific primer sequences are provided in

Supplemental Table 1.
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Antibodies and western blot analyses

Commercial phosphorylated S6K1 polyclonal rabbit antibody (Agrisera,

AS132664) and phosphorylated RPS6 polyclonal rabbit antibody (Agri-

sera, AS194291) were used to detect phosphorylation of S6K1 and

RPS6 in rice, respectively. Commercial anti-AMT1;1 rabbit polyclonal

antibody (PhytoAB, PHY0962S) and anti-ACTIN rabbit polyclonal anti-

body (Sangon Biotech, D110007-0100) were used to detect AMT1;1

and ACTIN in rice, respectively. Mouse monoclonal anti-FLAG M2

(Sigma, F1804), anti-HA antibody (Sigma, H9658), and anti-GFP from

rabbit (Sigma, AB10145) were used to detect tagged fused proteins.

Quantification of the band intensities in the protein blot were performed

using Image Lab (Bio-Rad). The relative value of each band represents

the ratio of band intensity to the band intensity of the loading control.
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Supplemental Figures 

 

Supplemental Figure 1. Comparison of S6K protein sequences. 

Arabidopsis AtS6K (AtS6K1, At3g08730 and AtS6K2, At3g08720), Oryza sativa 

OsS6K (OsS6K1, Os03g0334000), and OsS6K2, Os07g0680900), Homo sapiens 

HsS6K (HsS6KA, P23443.2, and HsS6KB, Q9UBS0.2), and Saccharomyces 

cerevisiae ScS6K (YPK3, P38070.1) protein sequences were aligned by Clustal W. 

Jalview multiple alignment editor programswere employed to generate the picture. The 

level of conservation is represented by a color code in which the most conserved 

residues are in black, those with intermediate conservation are in gray and the least 

conserved are in white. 



 

Supplemental Figure 2. Evaluation of the effect of WST on rice and 

characterization of rice S6K1. 

(A) Schematic construct diagram and relative mRNA level of rice S6K1 overexpression 

lines by qRT-PCR. Error bars indicate means ± SD (n = 3). Statistical significance was 

assessed using two-tailed t-tests. **P < 0.01 (t-test). 

(B) WST represses TOR activity in vivo. TOR activation is detected using an anti-

phospho antibody to S6K1, protein from wild-type rice detected by anti-FLAG 

antibody after treatment. The upper band indicates phosphorylated S6K1. 10 μM TOR 

inhibitors (Torin 2, AZD8055) were spread on the leaves of 28-day rice for 7 days, 

sampled at 35 DAG. 

(C) TOR interacts with S6K1 in vivo. Co-immunoprecipitation (Co-IP) of FLAG-

tagged S6K1 with HA-tagged TOR expressed in rice protoplasts. Co-

immunoprecipitation (Co-IP) of TOR with S6K1. FLAG-tagged S6K1 with HA-tagged 

TOR were expressed in rice protoplasts. Total protoplast proteins were 

immunoprecipitated with anti-HA antibody-conjugated resin, and the 

coimmunoprecipitate was detected using the anti-FLAG antibody. 

(D) TOR phosphorylates rice S6K1 protein in vitro.  



 

Supplemental Figure 3. Creation of TOR transgenic rice. 

(A) Schematic construct diagram and relative mRNA level of rice TOR RNA 

interference (TOR-i) lines by qRT-PCR (quantitative real-time PCR). Error bars 

indicate means ± SD (n = 3). Statistical significance was assessed using two-tailed t-

tests. *P < 0.05 (t-test), **P < 0.01 (t-test). 

(B) TOR overexpression (OE) construct diagram (B), LB, left border; RB, right border, 

three FLAG tag fused at C-terminal, and relative mRNA level of TOR in TOR 

transgenic lines and WT examined by qRT-PCR. Error bars indicate means ± SD (n = 

3). Statistical significance was assessed using two-tailed t-tests. **P < 0.01 (t-test). 

(C) TOR overexpression lines were confirmed by immunoblot analyses.  



(D-G) Statistical data on plant height (D), tiller number (E), yield (F), and biomass (G) 

of TOR transgenic lines. Error bars indicate means ± SD (n = 6). Statistical significance 

was assessed using two-tailed t-tests. **P < 0.01 (t-test). 

  

Supplemental Figure 4. Polysome profiles analysis of rice seedlings under NC 

and WST. 

(A) Polysome profiles analysis of rice in normal conditions (NC) or water-saving 

treatment (WST), 10 μM torin2 and TOR transgenic lines. Plant materials and growth 

conditions were described in this method. 

(B) RT-PCR analysis of RBCS5 expression levels in total mRNA was extracted from 

quantified polysomal (P) mRNA. ACTIN was used as an internal control. 

(C) Bar graph shows the ratio of the specific mRNAs in polysomal (P) mRNA. Total 

mRNA was extracted from polysomal (P) mRNA, followed by cDNA synthesis and 

qRT-PCR using gene-specific primers. The abundance of specific mRNA in polysomal 

(P) mRNA was quantified as a relative level in P using ACTIN as a reference gene.  

 



 

Supplemental Figure 5. Comparison of RPS6 amino acid sequences. Arabidopsis 

RPS6s (AtRPS6A/es6z, At4g31700, and AtRPS6B/es6y, At5g10360), Oryza sativa 

RPS6s (OsRPS6a/es6, Os03g0390000, and OsRPS6b/es6, Os07g0622100), Homo 

sapiens RPS6 (HsRPS6, NP_001001.2), and Saccharomyces cerevisiae RPS6 (ScRPS6, 

NP_015235.1) protein sequences were aligned by Clustal W. Jalview multiple 

alignment editor programswere employed to generate the picture. The level of 

conservation is represented by a color code in which the most conserved residues are 

in black, those with intermediate conservation are gray and the least conserved are in 

white. The asterisk indicates a conserved phosphorylation site detected by commercial 

antibody pRPS6a-Ser237 (Agrisera, AS194291). 

 

 

Supplemental Figure 6. Identification and analyses of rice rps6a mutants.  



(A) Diagrammatic presentation of rice RPS6a/es6 and mutant rps6a, the gray box 

indicates the exons and the black line indicates the introns.  

(B) Diagram for the sequence of rice rps6a mutants created by CRISPR/Cas9 system.  

(C-E) Performance (C), plant height (D) and tiller number (E) of WT and rps6a mutants 

at reproductive stage. Scale bars, 10 cm. Error bars indicate means ± SD (n = 3). 

Statistical significance was assessed using two-tailed t-tests. **P < 0.01 (t-test). 

(F) Polysome profiles analysis of WT and rps6a mutants under normal conditions (NC) 

or water-saving treatment (WST).  

(G) RT-PCR analysis of RbcS5 expression level in total mRNA was extracted from 

quantified polysomal (P) mRNA. ACTIN was used as an internal control. 

 

Supplemental Figure 7. Comparison of MAF1 protein sequences.  

Arabidopsis AtMAF1 (KAG7602094.1), Oryza sativa OsMAF1 (XP_015636424.1), 

Saccharomyces cerevisiae ScMAF1 (AJU85789.1), and Homo sapiens HsMAF1 

(NP_115648.2) protein sequences were aligned by Clustal W. Jalview multiple 

alignment editor programswere employed to generate the picture. The level of 

conservation is represented by a color code in which the most conserved residues are 

in black, those with intermediate conservation are gray and the least conserved are in 

white. 



 

Supplemental Figure 8. Phenotypic analysis of rice maf1 mutants. 

(A) Diagrammatic presentation of rice MAF1 and the maf1 mutants, the gray box 

indicates the intron, the black line indicates the exon, the red sequence is the gRNA 

target, and the short broken line indicates nucleotide deletion in rice maf1 mutants.  

(B-D) Performance (B) and plant height (C) and tiller number (D) of WT and maf1 

mutants at reproductive stage. Scale bars, 10 cm. Error bars indicate means ± SD (n = 

3). Statistical significance was assessed using two-tailed t-tests. **P < 0.01 (t-test). 

(E) The performance of panicle and primary branches of WT and maf1 mutant in the 

field. Scale bars, 1 cm. 

(F) KI-I2 staining of pollen from WT and maf1 mutants. Error bars indicate means ± 

SD (n = 3). Statistical significance was assessed using two-tailed t-tests. **P < 0.01 (t-

test). 



 

Supplemental Figure 9. TOR signaling regulates the translation of AAP1, NPF7.3 

and AMT1;1 under WST. 

(A) Schematic illustration of constructs of genome DNA with HA fused expression 

vectors of ACTIN, AAP1, NPF7.3 and AMT1.1 for rice protoplast transformation. 

(B and C) qRT-PCR assays of transcripts of AMT1;1 from WT with different 

treatments (B), and TOR-OE rice under NC and WST (C) at seedling stage of 35 DAG. 



 

  

Supplemental Figure 10. Rice AAP1, NPF7.3 and AMT1;1 are involved in growth 

productivity under WST. 

(A) Schematic illustration of constructs for full-length CDS with tag-fused 

overexpression vectors for generating transgenic rice. 

(B-D) qRT-PCR assay of the mRNA level of AAP1 (B), NPF7.3 (C) and AMT1;1 (D) 

in transgenic rice containing the above constructs in (A) under NC and WST, WT as 

ZhongHua11. Error bars indicate means ± SD (n = 3). Statistical significance was 

assessed using two-tailed t-tests. **P < 0.01 (t-test). 

(E and F) qRT-PCR assay of the mRNA level of AAP1 (E) and NPF7.3 (F) in AAP1 

and NPF7.3 RNA interference rice, respectively, WT as ZhongHua11. Error bars 

indicate means ± SD (n = 3). Statistical significance was assessed using two-tailed t-

tests. **P < 0.01 (t-test). 



(G-I) Relative nitrogen content in rice seedlings of RNA interference lines AAP1-i (G), 

NPF7.3-i (H) and AMT1;1 knocked out mutants (I) at DAG 35 under NC and WST. 

Error bars indicate means ± SD (n = 3). Statistical significance was assessed using two-

tailed t-tests. **P < 0.01 (t-test). 

(J-L) Statistical data of relative nitrogen content in transgenic lines AAP1-FLAG (D), 

NPF7.3-GFP (E) and AMT1;1-GFP (F) at 35 DAG after treatments with WST and 

Torin2. Error bars indicate means ± SD (n = 3). Statistical significance was assessed 

using two-tailed t-tests. **P < 0.01 (t-test). 

(M-O) Statistical data of relative above-ground biomass in RNA interference lines 

AAP1-I (M), NPF7.3-i (N) and AMT1;1 knocked out mutants (O) at DAG 35 under NC 

and WST. Error bars indicate means ± SD (n = 3). Statistical significance was assessed 

using two-tailed t-tests. **P < 0.01 (t-test). 

(P) Nitrate, ammonium, and Gln activate TOR kinase in normal conditions by 

immunoblot analyses using S6K1 transgenic rice. Sodium nitrate (NO3
−, 50 mM), 

ammonium succinate (NH4
+, 50 mM), or Gln (50 mM). 

(Q) Performance of TOR transgenic rice under WST at reproductive stage. Scale bars, 

10 cm. 

Supplemental Tables 

Supplemental Table 1. A list of all primers used in this study.  

Supplemental Table 2. RNA_seq data from ribosome profiling in this study.  

Supplemental Table 3. Raw data in this study.  
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